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n on rough and patterned substrates

Main question:

h(x)

i

%
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Statics: Adhesion on rough and patterned substrates

Carbon nanostructures

Nanotubes on patterns, or grids
Derike et al, NanoLetters (2001).
Graphene on rough SiO»

E.D. Williams et al, NanoLetters (2007); scale bar 2nm.

back gato
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Statics: Adhesion on rough and patterned trates

Biological membranes and filaments

Lipid membrane vesicle

Actin filament M. Abkarian A. Viallat, Biophys J. (2005); D = 130um

A. Libchaber et al Phys Rev E 1993

K. Sengupta et al , Soft Matter 2012
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Statics: Adhesion on rough and patterned substrates 1D model

Lignes directrices

@ Statics: Adhesion on rough and patterned substrates
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Statics: Adhesion on rough and patterned substrates 1D model

1D model: Filament or membrane on patterns

Total energy

Fakir Carpet

£= /ds En(sf + o+ V(r(s))

Crenellated outside solid V = 0, surface V = —~,
inside V = +o0.
i.e. Deformations >> leq
Sinusoidal Adhesion energy ~y
Bending rigidity C
Tension o

Saw tooth

Wavelength A
Amplitude €
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Statics: Adhesion on rough and patterned substrates 1D model

Equilibrium equations for the Euler elastica with adhesion

>0
x¥<0
Free parts .
3 .
K Ko Boundary conditions
Ossk + > rri 0. BC1

Euler-Bernoulli elastica model KF = KB — Keg)

Cut-off length d = (C/o)1/2 where Keq = (2v/C)1/2
BC2

KB — Keq < KF < KB + Keg-

Similar to the Gibbs Inequality Condition for the
wetting contact angle
BC3

Kt = K, and Osky < Osk—,
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Statics: Adhesion on rough and patterned substrates 1D model

Small slope regime

Free parts
axxxxh - dizaxxh =0

CcC—0 o—0

T

te
7 %
BCl — o(1 + cos@)/: ¥ 7 //2

where 6 contact angle ereq < 1
o> v, and Oxhs < 1.
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Statics: Adhesion on rough and patterned substrates 1D model

Patterned substrates: a 1D model

Natural parameters

Constructing solutions from n-bridges B= d
n=1 n=2 n=3

B> 1 tension dominates
B < 1 curvature dominates

1/2
K
a= (-4
kg
geometrical curvature kg = 4m%€/\?

a <K 1 — Floating state
a > 1 — Membrane follows patterns

c (C 2

Non-overlapping reduces the number of e € Y
possible states
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Statics: Adhesion on rough and patterned substrates 1D model

Ground state Transitions

. 5

nP, n—=oo
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Statics: Adhesion on rough and patterned substrates

Metastability

o> oy B

N\
\
N

7 7 G nm{B]

O‘n\m[ﬂ] > O‘n\m+l[ﬁ]

an\m[lg] = am|n[ﬁ]

— O‘n|m[5] > O‘n\erp[ﬁ]

But no "total order”,

eg. ags5[0] < ayf0], and agps[1] >
044|9[1]

— [-dependent decimation order
Non-sticky F ground state at a <

aoo|oo[6]

1D model
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Sinusoidal surfaces

Sinusoidal surface
1.5 2 2,5

1P

Vi

0,9

A smgle family of brldges for: faklr car-
pet and sinusoidal,
more for other surfaces
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Statics: Adhesion on rough and patterned substrates 1D model

No bending limit

Bico, Marzolin, Quéré (1999)

CcC—0

et

his subsrate is 1371

7 GaN Growth/ Si nano-pillars

BCL — o(1 + cosf) — v Hersee et__gl J.Appl.Phys. 2005

where 6 contact angle
o> v, and Oxhs < 1.

Self-consistent limit for sinusoidal
but not for Fakir Carpet.

Wenzel to Cassie-Baxter transition for sinusoidal

@ Liquids on micro-patterns:
Vrancken, Kusumaatmaja, OPL, et al,

Langmuir 2010

@ Solids on nano-patterns:
OPL, Saito, EPL 2009; Takano, Saito,
OPL PRB 2010; Gaillard, Saito, OPL PRL

2011; Ignacio, OPL, PRB 2012
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Statics: Adhesion on rough and patterned substrates 1D model

Orders of magnitude

Orders of magnitude

Graphene

C =09V, y~6meVA % o0~ 0

— €Keg ~ L.

€ =1nm, and A\ = 10nm, = a ~ 2

larger than 100nm follow

A. Incze, A. Pasturel and P. Peyla, Phys.Rev.B (2004)
Oxygen adsorption tunes bending rigidity:
12.5% oxygen C = 40eV Peyla et al

€Req < 1.

e = 1nm, and A\ = 10nm, = o =~ 0.6.
Oxygen adsorption = scan tranisiton region

Orders of magnitude

lipid membranes(Swain and Andelman)
C=14x10"%J, and 0 = 1.7x 107%Jm 2
v =5x10"Jm~2, feg = 3nm

Choosing

€ ~ 10nm > leg, A =~ 100nm > ¢,

we obtain

=a~05and fx1

Nanotubes

o~ 0, C=20eV.nm, and v = leV.nm™!
Choosing

€ = 5nm, A = 50nm

we obtain
a2
(Nevertheless erxeq ~ 1)

24th October 2017
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Statics: Adhesion on rough and patterned substrates Membranes in 2D — the case of Graphene

Lignes directrices

@ Statics: Adhesion on rough and patterned substrates

@ Membranes in 2D — the case of Graphene
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n on rough and patterned substrates Membranes in 2D — the case of Graphene

Few-layer graphene on rough SiO;

1D Model

— transition between n =2 and n =3
J. Nicolle, D Machon, P. Poncharal, OPL, A. San-Miguel, NanoLetters 2011

1/2
Keq
(a (b) o= —1
1050 =] Alcohol %
N g oeehd, Nitrogen Kg
1040 EYS
=+
AT
§ - L E 1/2
5 oo " E 1 =
5 » 1% %Argor\ s where keq = (277/C)
£ w0 o
: a
£ o0 g° W. G. Cullen, et al Phys. Rev. Lett. 105, 215504 (2010)
T e
(9" SE - @
1520 30¢
L ; z 3 -
Pressure (GPa) Number of graphene layers (n)
25[
Figure 2 (2) Evolution of the G band position under pressure for the monolayer sample (black square).
bilayer sample (red star), and trilayer sample (blue circle). The solid line i the typical evolution under 20f
pressure for the graphite, and the dot lines e the linear fit of our data. (b) Summary of the G band -
pressure derivative position obtaine in lcohol (red square), argon (bluc circle) and itrogen (green
triangle) depending on the number of ayers. The (€) i the doping process by the alcohol which has been
highlighted by our experiments. The inserts represent the samples adhesion evolution on the substrate 15¢
topology depending on the number of ayers.
10F
¢ ¢ 4
[ 1 2 3 4 5 6 n
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Sta Adhesion on rough and patterned substrates Membranes in 2D — the case of Graphene

Few-layer graphene on rough SiO;

Scott Bunch et al Nat. Nanotech. (2011)
— transition between n=1and n =2

LETTERS NATURE NANOTECHNOLOGY Dol 10.1038/NNANO.2011.123

& b d Ap=125MPa

Ap=pipt~Pext =0

T—Zu=2a°——:

Ap=1.25MPa —— Ap=0.41MPa
4 MPa = =Hencky's solution|
.81 MPa —— Ap=0.145 MPa

300

3
3

o
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d patterned S Membranes in 2D — the case of Graphene

Few-layer graphene on Nanoparticles

M. Yamamoto, OPL, J Huang, WG Cullen, TL Einstein, MS Fuhrer, Phys Rev X 2012

600

;: v Area (Exp.)
e Length (Exp.) [

~~~.__~_ Theory | 200

(wu) 7 ‘yibBus) onsueloRIBYD

. . Rt 2 0
P 10 15 20 25
Number of layers, n

Large deviations: Bending— — stretching F
Féppl Von Karman equations — Schwerin (1929)
diameter detach. zone 2R = d(4nG/3v,)/*
Low densities
= —7R?
6 = expl-7R0np] -
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Stal Adhesion on rough and patterned substrates Membranes in 2D — the case of Graphene

Wrinkling of graphene

A (nm)

0.0

_ 2504

N
=)
i<}
I
Wiean number of fidges

Density of nanoparticles jum’)

sl

w
=1
I

Density of ridges
=

504

T ; ; T ;
0 50 100 150 200 2250 300
Density of nanoparticle (um™)
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Statics: Adhesion on rough and patterned trates Membranes in 2D — the case of Graphene

Wrinkling of graphene

M. Yamamoto, OPL, J Huang, WG Cullen, TL Einstein, MS Fuhrer, Phys Rev X 2012

(om)
100

A

o
N

N o ridges
W three ridges

Frequency

30 60 120 150 1
Angle between ridges (Degree)

300

S0 i 10 200 2k
Density of nanopartcle (um)

Random bonding model with 2 parameters: ry, I,

M 1
P = Pnp7b —mr2pnp(2 + 571'f§r‘7np)eﬂrp"”r3 +3(1- eiﬂp"”rz)
My _
Pb = ?P%pﬁrf pnp K (7"3) !
30, _
Pb = ——Pnp Pnp > (er) !

2
fit: re &~ 120nm, M, =~ 0.5
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d patterned S

Single wrinkle

M. Yamamoto, OPL, J Huang, WG Cullen, TL Einstein, MS Fuhrer, PRX 2012
(a)

Membranes in 2D — the case of Graphene

Distance (nm)

A. Lobkovsky, S. Gentges, H. Li, D. Morse, TA. Witten, Science (1995) SV. Kusminskiy, DK.

Longitudinal stretching vs transversal bending+adhesion

£ =

_ 32 ac\Ye L, 1
b = W(?) X (sin(a/2)7
G

1/4
GYSXH5A5GS = X~ d (7)
~

¢(0)

2

G=340Jm2, y=01Jm™2 C=2x10"1) - A, ~
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104nm A r«

: statics and ¢

X (nm)
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a) () 9 T T
(a) i v
# o Experiment * fy
— Theory
€ 6 /5 %—% (] i
i (]
£1 — 2 pgll
P € [r=28evim/ g
s B &7 o=
H N S % )
8 3 W X
. z
= & {om)
ﬁ . /50
3 N f30
=06 eV/nm® oo
60 40 20 0 20 40 60 0 30 60 %0 120

Campbell, AH. Castro Neto, F. Guinea, Phys Rev B (2011)

(7 —a) / dx {g (cse(/2) = 1)1 ¢(0:0)* + % (esela/2) — 1) H +yX2d tan(a/2)

)E-5)"
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Statics: Adhesion on rough and patterned substrates Membranes in 2D — the case of Graphene

Wrinkle percolation in graphene

M. Yamamoto, OPL, J Huang, WG Cullen, TL Einstein, MS Fuhrer, PRX 2012

(a) (b)
14 = 1 r - T T T T
® L=1um 0{%“
A 2um 7‘}#.& : —=— [ =05um
& 3um ‘o® —e—1.0um
— — Theory /o - A-2.0um e L=1um i
[ ——3.0um == Theory
Q = .
.
Y
. s
o o % 204 log L 04 PR
0 50 100 150 200 250 0 50 100 150 200 250 300 0 50 100 150 200 250
Density of nanoparticles, pnp (um?) Density of nanoparticles, prp (um™) Density of nanoparticles, pnp (um?)

Percolation threshold: p. &~ 90um~2, Dimensionless number pc X2 = 10
Exponent: v ~ 1.11 £ 0.3, models: v =4/3
Asymmetry ratio: @ = 30, simulations: @ = 50 & 26, theory Q = 200
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Statics: Adhesion on rough and patterned substrates Membranes in 2D — the case of Graphene

Summary on graphene

Graphene on rough SiO»

dimensionless parameter o

conformal adhesion — partial unbinding? — unbinding
J. Nicolle, D Machon, P. Poncharal, OPL, A. San-Miguel, NanoLetters 2011

Graphene on nanoparticles

dimensionless parameter pX.

conformal adhesion — wrinkling — percol. of wrinkles — partial unbinding — unbinding
M. Yamamoto, OPL, J Huang, WG Cullen, TL Einstein, MS Fuhrer, PRX 2012
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Statics: Adhesion on rough and patterned substrates Membranes in 2D — the case of Graphene
Pseudo-Magnetic fields

A. H. Castro Neto, F. Guinea, N. M. R. Peres, K. S. Novoselov, and A. K. Geim, , Rev. Mod. Phys. 81, 109 (2009).
V. M. Pereira and A. H. Castro Neto, Phys. Rev. Lett. 103, 046801 (2009).
N. Levy, S. A. Burke, K. L. Meaker, M. Panlasigui, A. Zettl, F. Guinea, A. H. Castro Neto, and M. F. Crommie, Science 329, 544 (2010).

F. Guinea, M. |. Katsnelson, and A. K. Geim, Nat. Phys. 6, 30 (2010).
Strain — change bond length — change hopping amplitude — vector potential A

25h
= 3:%(%« — Uy, —2Uxy) = Besr = 0y Ax — OxAy
B = 3, and uj; in-plane strain
Around a single NP:
h d?
Buy ~ 1 (L

1/3
) r~%/3sin 3¢ ~ 300T
ape G

In ripples:
Besr ~ 10T
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Statics: Adhesion on rough and patterned substrates Fil at Finite Te

Lignes directrices
@ Statics: Adhesion on rough and patterned substrates

o Filaments at Finite Temperature
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Statics: Adhesion on rough and patterned substrates Filaments at Finite Temperature

e Unbinding transition on flat substrates:
Rubin 1965, De Gennes 1969, Wiegel 1983, etc..

o Unbinding transition for semi-flexible filaments on flat substrates:
Maggs, Huse, Leibler1989, Bundschuh and Lassig 2002, Benetatos and Frey 2003

Actin filament
A. Libchaber et al Phys Rev E 1993

o Filaments

@ No tension 0 =0

o Sinusoidal substrates
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Statics: Adhesion on rough and patterned substrates Fil at Finite Te

Free parts xo —x; < L, =2C/kgT
Z[x1, x2] = Plx1, x2] Zse[x2 — x1]
Benetatos and Frey Phys Rev E 2004
31/2¢B\ ¢ o= (C/2ke T) [i2dx(Och(x))?

kg T (x2 — x1)2d

P[x1, x2] =

Micro lengthscale B = 46hd0
Macroscopic profile axxxxi_r(x) =0
Parts in adhesion

Za[x1, x2] = Pa[x1, x2]Zg[x2 — x1]

Palxt, xa] = e~ {(€/D) Jifdx(Onchs()) =7 (e —x1)} kg T

YT =y as T — 0.
Configuration probability

m
P = H P[Xf,xl.*]Pa[xf,xill].
i=1
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Statics: Adhesion on rough and patterned substrates Fil at Finite Te

Partition function

Blocks of length n\
proba P,

Partition function Z; = Z/Zg[L]

p=1 {m}ER(L,p) i=1

Recursion relation

2y =P1Z, 1+PZ >+ .. +PL1ZLi+ P
Generating function

Zy = §2¢LZL= a
= 1- A

> Pnd”
n=1

Ay
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Statics: Adhesion on rough and patterned substrates Fil

2”r?{ ¢¢—L 1 A¢

Pole of Z¢ at ¢o, with A¢0 =1
Branch cut

¢0—plane
c (S
VNl S—
R
ﬂ’ q

Transition ¢g — 1
¢o < 1 adhesion,

and Thermodynamic limit Z; ~ qb&L

¢o — 1 unbound

Olivier Pierre-Louis (ILM, Lyon, France. Adhesi

at Finite Te

030

0.3
02

0.1

021

unbound

.

0,1+

n 1 1 1 G 1 1
05 06 07 08 09 1 05 06 07 08 09

o o
¢ = keT/(M)
ro= (3Y2CB/nkgT)IN"212
R = rca*=3Y2B)3/(8n*12 ).
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Statics: Adhesion on rough and patterned substrates Fil at Finite Te

Adhesion fraction (fraction of filament in contact with substrate)

N
Z
XN:1*Z ud [N —2¢& — n'xy] Pa n=N-n, and x9=0

10’

Order of the transition <— dim. transv. fluct.
T 10°;

H(a)10'

=01
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Statics: Adhesion on rough and patterned substrates Fil at Finite Te

DNA along atomic steps
T. Arai et al Appl Surf Sci (2001):

Si(111)
Yoshida et al BioPhys Journ. sapphire

Actin on nanogrooves steps

Benetatos and Frey e~1nm, A~ 10nm, L, = 2C/kgT ~
50nm

J/kg T, ~ )

(J/kBTf)z(e /ke f—1)~2(LfnJ2/CB)2, — v~ kg T per nm

C ~6x10-2)m, ~ Van der7WaaIs interaction ==

;_/Nk@T B9 E % > van©® am- [ G im

m ~ 3 nm . e
— T = 2000K e
Nano-patterns 5 A

8 Bperimentl
{5 Resuts and discusson
] summary

5 Acknoutedgements
5] References

Line of binders ~ kg T perp to nanogrooves
€ ~ 50 nm
A ~ 700 nm at room temperature.

C. Misbah, OPL, Y. Saito, Rev. Mod. Phys. 2010
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Statics: Adhesion on rough and patterned substrates Conclusion

Lignes directrices

@ Statics: Adhesion on rough and patterned substrates

@ Conclusion
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Sta Adhesion on rough and patterned substrates Conclusion

Conclusion

@ 1D model: infinite staircase of transitions at T =0
OPL, Phys. Rev. E 78, 021603 (2008)
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Conclusion

@ 1D model: infinite staircase of transitions at T =0
OPL, Phys. Rev. E 78, 021603 (2008)

o Graphene/Small roughness: bending dominated
— partial unbinding — unbinding
J. Nicolle, D Machon, P. Poncharal, OPL, A. San-Miguel, NanoLetters (2011)

Exp. Collab.:

(ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017 36 /93

Olivier Pierre-Louis



Statics: Adhesion on rough and patterned substrates Conclusion

Conclusion

@ 1D model: infinite staircase of transitions at T =0
OPL, Phys. Rev. E 78, 021603 (2008)
o Graphene/Small roughness: bending dominated
— partial unbinding — unbinding
J. Nicolle, D Machon, P. Poncharal, OPL, A. San-Miguel, NanoLetters (2011)
o Graphene/ Large roughness: stretching-dominated
wrinkling — percol. of wrinkles — partial unbinding — unbinding
M. Yamamoto, OPL, J Huang, WG Cullen, TL Einstein, MS Fuhrer, PRX (2012)
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Conclusion
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o Filaments: Single transition line at finite T in 1D
OPL, Phys Rev E 83 01181 (2011)

Exp. Collab.:
@ J. Nicolle, D. Machon, P. Poncharal, A. San Miguel, ILM-Lyon Graphene/SiO;
o M. Yamamoto, T. Einstein, W. Cullen, M. Fuhrer USA Graphene/Silica NP/SiO»
o J.P. Rieu, ILM-Lyon, AM Sfarghiu INSA-Lyon Lipid Membranes
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Dynat of adhesion

adhesion /patterns

© Dynamics of adhesion
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adhesion /patterns

© Motivation
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Lipid membranes

outer face

tydrophilic ipolar) head .
i Nydrophobic
, of phospholipid {nanpolar)

fatty acid tail
of phospholipid

cholesteral
inner face

integral (intrinsic) proteins

peripheral (extrinsic) protein

€ 2007 Encyclopadia Britannica, Inc.
Olivier Pierre-Louis (ILM, Lyon, France.
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Geometric confinement, double well potential

@ ®

fuctuating membrane

(—
pormanent
Siffbonds.
|

cyloskeleton
Ackn Hament

06 - — -

R/R, OO
2

0 10 20 30 40 50 60
Time (s)

Height (om) ()

B8

2 4 6

4 2 0
Lateral distance (um)

Sengupta Limozin PRL 2010

Rozycki , Lipowsky and T.R. Weikl NJP 2012
Oliver T. Fackler, Robert Grosse JCB 2008

Generic question: membrane in a two well potential
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Permeability of membrane environment

Biological environment is permeable

o Extracellular environment: collagen network

M. Loparik, Basel

o Cytoskeleton: Actin cortex, molecular crowding

Nudeus  Nudeolus_ftochondrion

/\

Cytoskeleton
I

endoplasmic
reticulum

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢
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Modeling confi membranes

adhesion /patterns

© Modeling confined membranes
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Modeling confined membranes
Model

Ingredients

Assumptions

@ Interaction with walls
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Modeling confined membranes
Model

Ingredients

Assumptions

@ Interaction with walls

@ Membrane mechanics
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Modeling confined membranes
Model

Ingredients

Assumptions

@ Interaction with walls
@ Membrane mechanics

o Hydrodynamics
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Modeling confined membranes

Model

Ingredients
@ Interaction with walls

@ Membrane mechanics

Hydrodynamics
o Wall permeability
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Modeling confined membranes

Model

Ingredients
@ Interaction with walls

@ Membrane mechanics

Hydrodynamics
o Wall permeability

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of

Assumptions

and fi

@ Zero-tickness membrane
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Modeling confined membranes
Model

Ingredients

Assumptions

@ Interaction with walls

. @ Zero-tickness membrane
@ Membrane mechanics

@ Up-down symmetric

Hydrodynamics

Wall permeability
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Modeling confined membranes
Model

Ingredients

Assumptions

@ Interaction with walls

. @ Zero-tickness membrane
@ Membrane mechanics

@ Up-down symmetric

Hydrodynamics
o Flat walls

Wall permeability

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢

24th October 2017
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Modeling confined membranes
Model

Z pext

pext

@ Incompressible Stokes fluid: 0 = —Vp+ + pAvy and V-v=0
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Modeling confined membranes
Model

Z pext

pext

@ Incompressible Stokes fluid: 0 = —Vp+ + pAvy and V-v=0

@ No slip at the membrane and at the wall: v |,_p(c 1) = V= |2=p(x,e) and Vet |z=4p, =0
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Modeling confined membranes
Model

Z pext

pext

@ Incompressible Stokes fluid: 0 = —Vp+ + pAvy and V-v=0
@ No slip at the membrane and at the wall: v |,_p(c 1) = V= |2=p(x,e) and Vet |z=4p, =0

o Permeable walls: vzt |,—4p) = £v(p+ — Pext)
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Modeling confined membranes

Model
Z pext
pext
@ Incompressible Stokes fluid: 0 = —Vp+ + pAvy and V-v=0
@ No slip at the membrane and at the wall: v |,_p(c 1) = V= |2=p(x,e) and Vet |z=4p, =0
o Permeable walls: vzt |,—4p) = £v(p+ — Pext)

o Membrane equilibrium: [o]" -n+f =0
gijj = u(a,‘vj + 8J'V,') — pé,'j
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Modeling confined membranes

Model

= TS

o Double-well adhesion potential &, = [ [ dAU(h).
o Membrane bending rigidity £, = [ [d.A%C>.
o Membrane inextensibility & = [ [ dAX.

Variation

6(53+5b+5):)://dA(f~5r)
Membrane forces

fi; = 8705 (X +U(r)) — VU(r) - t;,
cs3
fo=—kK (AbC + 5= 2CCG) + (X +U(r))C —VU(r)-n.
Area conservation pap = [1 + (Vi h)?]1/?
Otpap + Vxy-(p2pvap) =0
"*L ion of and fi : statics and ¢ 24th October 2017
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Modeling confined membranes

= TS

Lubrication expansion
x~0(1), y~O(1), h~hy<<1, |Vh<<1
Poiseuille flow
22
Vxy = vayp +az+b
Force ( constant tension)
f= (—rAL h+SoAyh—U'(h))2
Membrane Area

A= //dxdy[l + (Vyh) M2 = Lo Ly + AA

g 1
AA= / dxdyE(Vyxh)2
oo e

Olivier Pierre-Louis (ILM, Lyon, France. of and fi : statics and ¢ 24th October 2017 46 / 93



Modeling confined membranes

= B

f, = —KkA% h+ SoAxh —U'(h)

Evolution equation for h

3
m h\? 3
Oh=—-Vyd 2> |1—(— Vil — =
‘ y{24u[ (ho” v

j satisfies

Sp determined from

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017
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‘meable walls / Non-conserved case

adhesion /patterns

© Permeable walls / Non-conserved case
o Simplified model and simulations
@ Small excess area AA*
@ Intermediate excess area AA*: coarsening
@ Large excess area AA*

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of

: statics and ¢
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(EEL CRVE AN BN R Simplified model and simulations

Lignes directrices

© Permeable walls / Non-conserved case
o Simplified model and simulations
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Permeable walls / Non-conserved case Simplified model and simulations

Permeable environment

Normalized permeability: 7 = 12uynl/2/(h01/{3/2) >1

d¢h = g(—nAzh + SoAh — U (),

[ [ dxdy (HA% + u'(h))Ah
B J [ dxdy(Ah)?

similar to Swift-Hohenberg equation (constant tension)

So

similar to TDGL OrH = AH — U'(H).

Difference from Time-Dependent-Ginzburg-Landau equation (TDGL):
@ 4th order <= bending rigidity

@ Time-dependent tension Sp

Olivier Pierre-Louis (ILM, Lyon, France. ion of anes and fi : statics and ¢ 24th October 2017 50 / 93




Permeable walls / Non-conserved case Simplified model and simulations

1D Phase separation with non-conserved order parameter

TDGL ATH = 0% H — U'(H).
IR = ==
6000 —

H4()()0 T N——r——
2000
NIEAS MRS 0 == NN = =
0 100 200 300 400 500 600
8000 T
6000 H
I
I
I
4000 i H
i
i
2000 i 1
C L HA L i L
100 200 300 50 600

o Coarsening, A ~ Int

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of anes and fi : statics and ¢ 24th October 2017 51 /93




Simplified model and simulations

rmeable walls / Non-conserved case

1D Frozen dynamics: permeable case

AYH — U'(H).

OrH = —

TDGL4

600

500

400

200

@ Frozen dynamics <= Oscillatory interaction between Domain Walls (Kinks)

@ Disorder <= Linear spectrum of spinodal instability

52 /03

24th October 2017
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EGEEL ERE B WO B NEEC  Simplified model and simulations
Kinks

TDGL and CH
Steady-state equation —O%H(X)+ U'(H)=0
One single branch of steady-states parametrized by A

Kink solution with U(H) = —H2 H?/2 + H*/4
I ‘

-1

0 30 0 %0 80

X

Exponentially decreasing kink tail H = Hp, + R(X — Xj)

R(¢) = Aexp[— U/ 21).

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017
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Oscillatory kink tails

TDGL4 and CH4, or general equation
Steady-state equation OYH(X) + U'(H) =0

many steady-states, periodic, chaotic, etc.
Kink solution with U(H) = —H2 H?/2 + H*/4

0,97

0,93

092

20 40 60 ) 091

9|

Oscillatory kink tail H = Hm + R(X — Xi)
R(£) = Acos(2-1/2 U,/,/,l/4f + a) exp[—271/? Uf,’,lmf].
= Oscillatory interactions between Domain Walls (kinks)

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017 54 /93




EGEEL ERE B WO B NEEC  Simplified model and simulations

Time-Dependent Ginzburg-Landau equation

normalization H = h/hg

OrH = AH—U'(H)
1
4

U(h) (H3 — H?)?, Hn=07

TDGL

(c) t = 6000 (d) t = 9000

coarsening A ~ t1/2

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017 55 /93




CUUCET CRVE] QRN R IEVEL RS Simplified model and simulations

ATH = —A%H — U'(H)

TDGL4

(c) t = 12000 (d) t = 24000

coarsening A ~ t1/2

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢
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EGEEL ERE B WO B NEEC  Simplified model and simulations

Permeable environment

Full dynamics with area conservation
OeH = —A*H + AH — U'(H))
[ [ dxdy (82H + U'(H)) AH
J [ dXdY (AH)?

3 regimes AA* = AA/L L,
o AA* < (0.93 = 0.03) x 10~2 Frozen domains
e (0.930.03) x 10? < AA* < (5.53 & 0.15) x 102 coarsening with domains + wrinkles
o (5.53+£0.15) x 1072 < AA* frozen wrinkles

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017
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EGEEL ERE B WO B NEEC  Simplified model and simulations

Permeable environment

Nonconserved equation, W=1.5, AA/A = 0.0465

(a) t =960 (b) t = 12000

(c) t = 102000 (d) t = 801000

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017 58 /93



EGEEL ERE B WO B NEEC  Simplified model and simulations

Permeable environment

Nonconserved equation, W=1, AA/A = 0.1072

(d) t = 801000

Olivier Pierre-Louis (ILM, Lyon, France. Adhesi and fi : statics and ¢ 24th October 2017 59 /93




EGEEL ERE B WO B NEEC  Simplified model and simulations

Permeable environment

Nonconserved equation, W=0.95, AA/A = 0.1195

(d) t = 801000

Olivier Pierre-Louis (ILM, Lyon, France. Adhesi and fi : statics and ¢ 24th October 2017 60 / 93




e Simplified model and simulations

Permeable environment

Nonconserved equation, W=0.9, AA/A = 0.1338

(d) t = 801000

Olivier Pierre-| Louis (ILM, Lyon, France. Adhesi and fi : statics and ¢ 24th October 2017 61 /93




e Simplified model and simulations

Permeable environment

Nonconserved equation, W=0.7, AA/A = 0.2244

(d) t = 801000

Olivier Pierre-| Louis (ILM, Lyon, France. Adhesi anes and fi : statics and ¢ 24th October 2017 62 /93




Permeable walls / Non-conserved case Simplified model and simulations

Permeable environment

Nonconserved equation, W=0.5, AA/A = 0.4515

(d) t = 2001000

Olivier Pierre-Louis i anes and fi : statics and ¢ 24th October 2017 63 /93




EGEEL ERE B WO B NEEC  Simplified model and simulations

Permeable environment
OH = —A’H + XAH — U'(H))
J J dxdy (82H + U'(H)) AH

[ [ dXdY (AH)?

Normalized excess area AA* = AA/(LxLy)

(c) and (d): AA* =0.88-1072at T=15and T = 8- 10°
(e) and (f): AA* =3.61-1072at T =10* and T = 8- 10°
o) AA* =568.10"2at T =8-10°

Olivier Pierre-Louis (ILM, Lyon, France. Adh: of and fi : statics and ¢ 24th October 2017 64 /93




meable walls / Non-conserved case [SIIEI RS CEEETE WAV il

Lignes directrices

© Permeable walls / Non-conserved case

@ Small excess area AA*

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017 65 / 93




Permeable walls / Non-conserved case [IIEI RS CEEETE WAV Il

Domain Wall dynamics

drH = —A?H + TAH — U'(H)

direction ¢ perpendicular to domain wall: A ~ 9¢¢ + KO

—VowdcH ~ —0¢H — 2KOEH + T9FH + TKI:H — U'(H)
Domain Wall motion by curvature and interactions

Vow = —é ([W]t + KﬁDW)

a = [d¢(o:H)?

@ Interaction term:

W(H) = 20cc(0H)? = (0ccHY? — S (0 H) + U(H)

Isolated domain wall [W]f =0

o Effective Domain wall energy:

cow = [ dc(3(02H? + JE@H)? + U(H))

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢
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Permeable walls / Non-conserved case [IIEI RS CEEETE WAV Il

Domain Wall dynamics

@ Fixed tension

o Isolated domain walls [W]T =0

One single lengthscale domain size R

leading to

TDGL and TDGL4 in 2D

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017
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Permeable walls / Non-conserved case Small excess area AA™

Tension dynamics

Domain wall length

Lpw = / d/ = Orlpw = / dtVpw K .
bW bW interface

AA= //dX dY%(VH)2 ~ Lpwa/2

a= [d((dcH)?
Area conservation
0=07r(2AA) = 87—<LDWa>
S / dz([vv]t + §DWK)K + LpwdrEd5a

Tension dynamics

Epw [dEK? + [deW]EK
LpywOsa

oy =

Olivier Pierre-Louis (ILM, Lyon, France. ion of anes and fi : statics and ¢ 24th October 2017 68 / 93



Permeable walls / Non-conserved case [IIEI RS CEEETE WAV Il

Tension dynamics

Tension dynamics

_ éow [dEK? + [deWIT K

or%
LpwOsa

o Isolated wall [W]T =~ 0
e a \ forincreasing ¥ = s < 0

o Domain wall energy £pyy 7 for increasing
Epw =0 for ¥ =¥ = —1.0226H,,

:>Z\annd Vow — 0

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017 69 /93



Permeable walls / Non-conserved case [IIEI RS CEEETE WAV Il

Tension dynamics

OH = —A’H+XAH — U'(H)),

I dXdY (A2H + U'(H)) AH

[ ] dXdY (AH)?

ey 0.6
40 F é 1_\\_ i
301Y] T T 003 005
A : s
20§ ; -
R i C
10FA; | ]
L ‘] o O [1]?}——(3-_7,5_,_,{]
% 0.02 004 006 0.08 0.1
AA
and : statics and ¢ 24th October 2017

70/ 93



Permeable walls / Non-conserved case [IIEI RS CEEETE WAV Il

Frozen wavelength at small AA

Effective Domain wall energy

€on(z) = [ dC(S(OEH)? + U(H) + JE(0cH)?)

Eow(D) = [ dc(5(0ccH)? + U(H)

AA %/dg(agH)2

Epw(X) = Epw(X) + ZAA

Wavelength of frozen structures

LiLy

Cow(Ze) =0=X=
Lpw

AA* = AA/(LxLy)

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi

Epw(Xc)

T Y AA*

: statics and ¢ 24th October 2017
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Permeable walls / Non-conserved case [IIEI RS CEEETE WAV Il

Permeable environment

OH = —A’H+XAH — U'(H)),

I dXdY (A2H + U'(H)) AH

[ ] dXdY (AH)?

ey 0.6
40 F é 1_\\_ i
301Y] T T 003 005
A : s
20§ ; -
R i C
10FA; | ]
L ‘] o O [1]?}——(3-_7,5_,_,{]
% 0.02 004 006 0.08 0.1
AA
and : statics and ¢ 24th October 2017

72/ 93



‘meable walls / Non-conserved case Intermediate excess area AA™: coarsening

Lignes directrices

© Permeable walls / Non-conserved case

@ Intermediate excess area AA*: coarsening
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Permeable walls / Non-conserved case Intermediate excess area AA™: coarsening

Permeable environment

OH = —A%H + SAH — U'(H)),
J [ dxdy (82H + U'(H)) AH

[ [ dXdY (AH)?

(b)
U E!

Normalized excess area AA* = AA/(LxLy)

(c) and (d): AA* =0.88-1072at T =15and T = 8- 10°

(e) and (f): AA* =3.61-1072at T =10* and T = 8- 10°

(g): AA* =568-10"2at T =8-10°
A e A G N A dhesion of and fi : statics and ¢ 24th October 2017
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Permeable walls / Non-conserved case Intermediate excess area AA™: coarsening

Coarsening at coexistence

Effective energy and true energy
1 2 1 2
&(x) = dXdY(E(AH) + U(H) + S E(VH) )
1 2
E(T) = dXdY(E(AH) + U(H))
Coexistence at X ,; &~ —0.9225H,,

gflat(zn/) = gwrink/es(zn/)

oscillatory interaction between kinks = Expw > E1wrinkle

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017 75 /93



Permeable walls / Non-conserved case Intermediate excess area AA™: coarsening

Permeable environment

OH = —A’H+XAH — U'(H)),

I dXdY (A2H + U'(H)) AH

[ ] dXdY (AH)?

50_(e)é T §_06 .‘I T
404 § § ]_\_ 1
3003 T 003 0.05]
A : s
20 o | -
R i C
10FA; | ]
L ‘] o O [1]?}——(3-_7,5_,_,{]
% 0.02 004 006 0.08 0.1
AA
and : statics and ¢ 24th October 2017
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Permeable walls / Non-conserved case Intermediate excess area AA™: coarsening

Permeable environment

OH = —A%H + SAH — U'(H)),
J [ dxdy (82H + U'(H)) AH
> = T [ dXdY (AH)?2

64t g

No universal exponent?
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‘meable walls / Non-conserved case Large excess area AA™*

Lignes directrices

© Permeable walls / Non-conserved case

@ Large excess area AA*
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Permeable walls / Non-conserved case Large excess area AA™*

Frozen wrinkled state

@ Excess area
AA L[ dC@H)  ((H)/X) [ di(9:H)?

AA* = =
L., B A

approximately constant wrinkle shape = AA*)\2/(H?) ~ 3.3

@ Wavelength-Amplitude relation in stead-states
Balance of tension and bending: H/\* ~ TH/X? = ¥\ = cst ~ —22

50 W T T T T T T T T
() 06+

407, z 1-\\- 1
301t T 003 005,

2ol ! 1A’
20-% s :
3 L
10FA; : 1
L oo o W-G-—--g g
% 002 004 006 0.08 0.1
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Impermeable walls / Conserved dynamics

adhesion /patterns

© Impermeable walls / Conserved dynamics
@ Simplified model
@ Simulations
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Impermeable walls / Conserved dynamics Simplified model

Lignes directrices

© Impermeable walls / Conserved dynamics
@ Simplified model

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢ 24th October 2017 81/93




Impermeable walls / Conserved dynamics Simplified model

Model

Normalized permeability: 7 = 12uyn1/2/(hgué/2) <1

f, = —kA% h+ SoAxh —U'(h)

Evolution equation for h neglect j

3
h3 h\?
R IR

Sp determined from

OtAA=0

Olivier Pierre-Louis (ILM, Lyon, France. Adhesion of and fi : statics and ¢
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Impermeable walls / Conserved dynamics Simplified model
Model

Evolution equations
Oth = V(M(h)V(mA2h — SoAh+ u’(h)))

J [ dxdyV (M(h)V(nAQh + L{’(h)))Ah
o= [ J dxdyV(M(h)VAh)Ah

M(h) = (h3/(241))(1 — (h/ho)?)?

Similar results as permeable (non-conserved) case
Differences:

@ Slower dynamics = further simplification M(h) =1
o smaller Ac = (0.4 40.03) x 1072
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Impermeable walls / Conserved dynamics Simulations

Lignes directrices

© Impermeable walls / Conserved dynamics

@ Simulations
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Impermeable walls / Conserved dynamics Simulations

Impermeable environment

Conserved tilde equation, tdgl4 W=0.9, AA/A = 0.0352

(c) t = 801000 (d) t = 4302000
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Impermeable walls / Conserved dynamics Simulations

Impermeable environment

Conserved tilde equation, W=1.5, AA/A = 0.0465

(c) t = 801000 (d) t = 5001000
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Impermeable walls / Conserved dynamics Simulations

Impermeable environment

Conserved tilde equation, W=1, AA/A = 0.1072

(d) t = 2001000
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LU Simulations

Impermeable environment

Conserved tilde equation, W=0.7, AA/A = 0.2244

(d) t = 2001000
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Impermeable walls / Conserved dynamics Simulations

Impermeable environment

Conserved tilde equation, W=0.5, AA/A = 0.4515

(d) t = 2001000
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Impermeable walls / Conserved dynamics Simulations

Impermeable environment

Conserved dynamics similar to non-conserved but slower

‘0.77 > T .

100 10" 107100 100 10°
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Conclusion

adhesion /patterns

@ Conclusion
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Conclusion

Conclusion

Confined membranes, lubrication limit
@ Membrane confinement = frozen dynamics or coarsening
@ Permeable / impermeable: similar dynamics

o Experiments?
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